Multiple sclerosis (MS) is an autoimmune and neurodegenerative disease of unknown etiology. Leukocyte infiltration of brain tissue and the subsequent inflammation, demyelination, axonal damage, and formation of sclerotic plaques is a hallmark of MS. Upregulation of proinflammatory cytokines has been suggested to play an essential role in regulating lymphocyte migration in MS. Here we present data on serum cytokine expression in MS cases. Increased serum levels of IL-17 and IL-23 were observed, suggesting activation of the Th17 population of immune effector cells. Additionally, increased levels of IL-22 were observed in the serum of those with acute phase MS. Unexpectedly, we observed an upregulation of the serum chemokine CCL27 in newly diagnosed and acute MS cases. CCL27 is an inflammatory chemokine associated with homing of memory T cells to sites of inflammation. Therefore, its upregulation in association with MS suggests a potential role in disease pathogenesis. Our data supports previous reports showing IL-17 and -23 upregulation in association with MS and potentially identify a previously unknown involvement for CCL27.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) with undefined etiology. The disease has a polysymptomatic onset and is usually first diagnosed between the ages of 20-40 years [1] . Although there are no clinical findings unique to MS, some symptoms are characteristic of the disease, such as sensory abnormalities and visual and motor impairment [2] . In 80-85% of cases, initial progression of MS is characterized by episodes of neurological disability and recovery. This clinical presentation is classified as remitting-relapsing MS (RRMS) [3, 4] . As the disease progresses, 60-70% of RRMS cases will gradually worsen with a steady progression of symptoms [5] . This pattern of disease is referred to as secondary RRMS. A small group of cases (approximately 10%) develop MS characterized with a steady progression of neurological symptoms without periods of recovery. This is classified as primaryprogressive MS (PPMS) [6, 7] .
Formation of multiple brain lesions is a typical characteristic of MS. Sclerotic plaques form at the sites of inflammation, demyelination, and axonal damage. It is believed that autoreactive T lymphocytes play a major role in initiating the immune assault against axonal myelin sheets in the CNS, which leads to demyelination and subsequent neuronal death [5, 8] . Increased permeability of the blood brain barrier 2 BioMed Research International (BBB), as documented in MS cases [9] [10] [11] , is essential for leukocyte migration into brain tissue. Accordingly, previous studies have shown substantial remodeling of the BBB in MS cases. For example, decreased expression of tight junction molecules in BBB endothelial cells has been observed in MS [11, 12] . Disruption of BBB integrity is further confirmed by the observation of elevated matrix metalloprotease (MMP) 2 and 9 expression in MS brain lesions [13] [14] [15] . Similarly, upregulation of MMP2 and 9 has been shown in astrocytes and neuroglia, implicating these cells in the pathogenesis of MS [13, 14] .
Leukocyte infiltration is a common finding at the sites of MS brain lesions. Previous studies have reported high IFN-secretion by autoreactive T lymphocytes, suggesting a Th1 phenotype of myelin-specific T cells [16] [17] [18] . Recently, a Th17 lymphocyte subset was also shown to play a role in MS pathogenesis. In this study, Brucklacher-Waldert et al. reported an increase in the numbers of Th1 and Th17 cells in the blood and cerebrospinal fluid (CSF) of MS cases [19] . They also reported a significant increase in the number of Th17 lymphocytes during the relapse stage; however, Th1 counts remained unchanged [19] . Furthermore, they determined that Th17 cells from MS cases had a higher proliferative capacity and were less susceptible to suppression, as compared to Th1 cells. In another study, Kebir et al. demonstrated that, in MS, Th17 lymphocytes more readily cross the BBB as compared to Th1 cells [20] . Therefore, they suggested that Th17 lymphocytes might be more encephalitogenic than Th1 cells.
A compromised BBB and facilitated migration of autoreactive immune effector cells are essential for development of MS. Both BBB integrity and leukocyte trafficking are regulated by cytokines. Previous studies have shown upregulation of Th1 type cytokines, such as IL-2, IFN , and IL-12, in subjects with MS, while the Th2 cytokines, IL-4 and IL-10, were downregulated [21, 22] . Furthermore, administration of IFN exacerbated clinical and hematological symptoms of MS [23, 24] , and higher levels of IL-2 and lower levels of IL-10 have been detected in relapsed MS cases [21] . Elevated levels of IL-17 have been observed in the CSF and serum of MS cases [25] , and during clinical exacerbations, higher levels of IL-17 mRNA were also detected in the CSF relative to that in the blood [26] . Subsequently, Th17 transcripts were detected in MS lesions [25] . IL-17-producing leukocytes have been suggested to belong to a new subset of Th17 lymphocytes that is maintained and driven by IL-23 [27, 28] . Therefore, the current paradigm of MS pathogenesis indicates that Th17 lymphocytes together with Th1 cells are central to development of neuroinflammation, demyelination, and neural death [29, 30] .
Although it is well established that cytokines play a central role in lymphocytes breaching the BBB, as well as their subsequent migration into neuronal tissue, our knowledge regarding cytokine activation and their involvement in MS is limited. Here we report data on serum levels of 57 cytokines in MS cases with different clinical presentations. Overall, our data support a role for mononuclear leukocytes in the pathogenesis of MS. Furthermore, our data support the previous observations of others regarding the upregulation of IL-17 group cytokines in MS, thus providing conformational evidence of their involvement in MS pathogenesis. We observed upregulated levels of serum IL-22 in acute stage RRMS, suggesting that Th22 lymphocytes may play a role during MS exacerbations. We also observed that serum CCL27 was upregulated in MS cases. To the best of our knowledge, this report is the first to describe a CCL27 involvement in association with MS. Bruno, CA, USA). Standard curves for each analyte were generated using standards provided by manufacturer.
Materials and Methods

Study Subjects and
Statistical Analysis.
Statistical analysis was conducted using Statistica and XLSTAT software (StatsSoft, Tulsa, OK and Addinsoft, New York, NY, resp.). Differences between the means of compared groups were analyzed using the MannWhitney test for nonparametric data with significance at ≤ 0.05.
Results
3.1.
Patients. Serum samples from 42 MS cases (40 female and 2 male) were analyzed. MS diagnosis was established according to the 2010 Revised Diagnostic Criteria for MS [31] . Thirty-two (76.2%) cases were diagnosed with RRMS, 7 (16.7%) were diagnosed with secondary RRMS, and 3 (7.1%) were newly diagnosed. The mean age for MS cases was 41.6 years (24-58 years) and mean duration of the disease was 12.4 years (1-32 years). Expanded Disability Status Scale (EDSS) score was 3.5 (0-10). MRI revealed multiple lesions in the subcortical region, corpus callosum, and pons. In some subjects, demyelination foci were detected in cervical and thoracic regions of the spinal cord. Five subjects received glatiramer, while the remaining 38 receive no treatment. IL-12-p40  Th2 IL-31  Th17 IL-21  Th17 IL-22  Th2 IL-33  Th17 IL-23  Th17 GM-CSF   Th2 IL-25  Th2 IL-5  Th1 IL-12-p70  Th1 IL-18  Th17 IL- 
Cytokine Profile.
A total of 57 cytokines were analyzed. Serum levels of 9 cytokines, IL12-p40, CCL27, M-CSF, MIF, IL-17A, IL-23, CCL2, CCL3, and IL-2Ra, differed significantly between the serum of all MS cases and the controls (Table 1) . On average, serum levels of HGF, TRAIL, CXCL10, and CCL5 were elevated in MS cases; however, they did not reach statistical significance when compared to control sera. Serum levels of the remaining 42 cytokines were generally similar between cases and controls (Table 1) . To further elucidate the role of cytokines in MS, we organized the respective cytokines by functionality. Three categories of cytokines were investigated based on their putative role in immune activation. Cytokines that activate Th1 immune effector cells made of the first group and included IL-2, IL-12, and IFN , while Th2 cytokines, which included IL-4, IL-5, IL-9, IL-10, and IL-13, made up the second group. The final group of cytokines included those that activate Th17 lymphocytes and were IL-6, IL-23, IL-1 , IL-17a, IL-21, and IL-22. Among the Th1 cytokines, only serum IL-12p40 was significantly upregulated in MS cases when compared to controls (Table 1) . Similarly, heat map analysis revealed upregulation of IL-12p40 in all MS cases as compared to healthy controls (Figure 1 ). Serum levels of IL-2 and IFN remained unchanged in MS cases and no differences were observed in the levels of Th2 cytokines between MS cases and controls (Table 1, Figure 1 ). However, serum levels of the Th17 cytokines IL-17a and IL-23 were significantly higher in MS cases as compared to controls (Table 1) . Likewise, heat map analysis has shown increased serum concentration of IL-23 and IL-17a (Figure 1) .
Increased IL-12p40, CCL2, and M-CSF in the serum of MS cases suggest activation of mononuclear immune effector cells. Additionally, serum levels of CCL27 were significantly increased in MS cases when compared to healthy controls. CCL27 is a well-known chemoattractant for mononuclear leukocytes and has been shown to attract memory T cells to the site of cutaneous lesions [32] . Therefore, when considered together, our data suggests that the serum cytokine profile of subjects with MS is characteristic of a classic Th17/Th1 shift which promotes mononuclear leukocytes infiltration of inflamed tissue. Finally, we analyzed the serum cytokine profile of MS cases with respect to the different clinical presentations. Cases were organized into 3 groups: those with secondary RRMS acute phase, those with RRMS in remission, and those who were newly diagnosed with MS. Acute phase secondary RRMS was characterized by significant changes in the serum levels of 13 cytokines, while changes in smaller number of cytokines were detected in the serum of RRMS cases in remission and newly diagnosed MS (Table 2, Figure 2 ). Further analysis revealed that serum IL-12(p40), M-CSF, CCL2, and IL-23 were significantly upregulated in all MS cases, regardless of the stage or phase of the disease (Table 3, Figure 2 ). All MS cases were characterized by an increase in serum levels of GROa (CXCL1), CCL7, and IL-22; however, these changes were only significant for acute phase secondary RRMS cases. Interestingly, subjects with acute phase secondary RRMS had significantly higher level of serum CCL27 and TRAIL, similar to that observed in newly diagnosed MS cases. However, newly diagnosed MS cases had significantly lower levels of serum XCL9, CXCL12, and CCL3, while the levels of these cytokines in all RRMS cases did not differ from controls. Upregulation of IL-2Ra, MIF, and IL-17A was observed for all RRMS cases; however, these cytokines did not significantly differ between newly diagnosed MS cases and controls (Table 2, Figure 2 ). autoreactive lymphocytes promote axonal demyelination leading to neuronal death and sclerotic plaque formation. A subset of Th17 lymphocytes has been implicated in the pathogenesis of MS. For example, high levels of IL-17 cytokine have been observed in serum and CSF of MS cases [25] . Also, adoptive transfer of IL-17-producing T lymphocytes induced experimental autoimmune encephalitis (EAE), an experimental model of MS [28] , and administration of anti-IL17 antibodies prevented development of EAE and delayed the onset of symptoms [28, 33] . Clinical studies have reported the presence of IL-17 and IFN-expressing T lymphocytes in [20] . Additionally, high levels of IL-17 mRNA have been detected in blood and CSF of MS cases, with the highest levels observed during exacerbations [26] . Our data supports a role for IL-17 in the pathogenesis of MS. We have observed significantly increased levels of IL-17 in serum of RRMS cases. Interestingly, levels of IL-17 in serum of newly diagnosed MS were also elevated, although differences were not significant compared to controls. These data suggest that Th17 activation occurs early during MS and increases with progression of the disease.
Discussion
IL-23 has been shown to play role in the activation of Th17 type immunity. Current evidence suggests that IL-23 has an essential function in the differentiation and expansion of Th17 T lymphocytes from naïve CD4+ T cells [27, 33, 34] . Therefore it is believed that IL23-IL17 axis plays an important role in developing autoimmunity [35, 36] . IL-23 shares the p40 subunit with IL-12, another cytokine implicated in MS pathogenesis [37, 38] . Furthermore, it has been shown that IL-23, rather than IL-12, is required for the development of the EAE [39] [40] [41] . Another important function of IL-23, as demonstrated by Langrish et al., is to promote the expansion of encephalitogenic T cells that drive the production of IL-17A and IL-17F [28] . Our data suggests that IL-23 is upregulated in the serum of all MS cases, regardless of the stage of the disease. The fact that increased serum IL-23 levels did not depend of the progression of the disease suggests an essential role of IL-23 in establishing and maintaining autoimmunity.
We observed increased levels of serum CCL27 for all MS cases; however, the differences reached statistical significant only for the RRMS cases. CCL27 upregulation is primarily associated with the pathogenesis of atopic dermatitis [42] ; however, it is likely that its role is not exclusively restricted to skin inflammation. For instance, the enhancement of mucosal immunity has been demonstrated in animals immunized with plasmids containing HIV gag and CCL27 [43] . Furthermore, expression of CCL27 mRNA has been detected in brain tissue, particularly the cerebral cortex and limbic structures [44] . Expression of CCR10, the receptor for CCL27, has been confirmed in astrocytes and neurons of the hippocampus [44] [45] [46] . Additionally, CCL27 acts as chemoattractant for antigen-specific T lymphocytes [47] . This suggests that CCL27 may facilitate autoreactive T lymphocyte migration into brain tissue of MS cases, thus promoting brain inflammation. Our data suggest that IL-22 is upregulated in the serum of acute secondary RRMS. Current knowledge regarding IL-22 expression in association with MS is limited as only a small number of reports address its role in the pathogenesis of autoimmune demyelinating diseases. Almolda and coworkers reported that changes in serum IL-22 levels correlate with the development of EAE [48] . They further reported that serum IL-22 levels increase during the acute phase, peak at the height of clinical presentation, and decrease during recovery. Recently, increased plasma and CSF levels of IL-22 have been reported for subjects diagnosed with Guillain-Barré syndrome, another acute autoimmune-mediated inflammatory demyelinating disease [49] . Li et al. reported that IL-17 and IL-22 levels in CSF correlate with disease disability [49] . Our data suggest that serum levels of IL-22 are significantly elevated during the acute phase of secondary RRMS when compared to healthy controls. Although it is slightly elevated during the remission phase of RRMS, serum IL-22 did not significantly differ from controls. These data are consistent with the observation of Almolda et al. whereby changes in serum IL-22 reflect the stage of the disease [48] . IL-22 is produced by variety of leukocytes including Th17 cells [50] . Although IL-22 and IL-17 are often simultaneously present at high levels in inflamed tissues, their biological effects differ. For example, IL-22 primarily activates an innate immune response, while IL-17 typically acts as a proinflammatory mediator [51] [52] [53] [54] . This suggests that the MS cytokine milieu promotes chronic inflammation and activation of immune effector cells.
In summary, our data provide evidence that mononuclear leukocytes play a role in the pathogenesis of MS. The serum cytokine profiles observed in our MS study subjects suggest Th17 activation, consistent with the previous reports of others [25, 28, 33] . Furthermore and adding to the present body of knowledge, we observed an increase in serum IL-22 during the acute phase of MS. We also observed a general upregulation of CCL27 in association with all presentations of MS. Previous studies regarding the role of CCL27 in human pathology are primarily limited to atopic dermatitis [55] ; however, our data support a broader function involving MS inflammation and lymphocyte activation. Future studies will be required to delineate the role of CCL27 in MS.
